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CONTROL DEVICE AND CONTROL
METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Japanese Patent Appli-
cation No. 2020-141731 filed on Aug. 25, 2020, incorpo-

rated herein by reference in 1ts entirety.

BACKGROUND

1. Technical Field

The present disclosure relates to control devices and
control methods for a converter.

2. Description of Related Art

Various studies have been conducted on converters that
are provided 1n systems mounted on vehicles such as fuel
cell electric vehicles. A control unit of the converter detects
a current flowing through a reactor, and performs feedback
control for adjusting the duty cycle of a switching element,
based on the detection result. The control unit thus operates
so that the converter outputs a larger current. In order to
achieve responsive power conversion 1n response to a
request from a load, 1t 1s common to use diflerent control
circuits for this operation according to the characteristics of
the reactor. For example, Japanese Unexamined Patent
Application Publication No. 2004-282835 (JP 2004-282835
A) discloses a technique 1n which a control unit of a power
conversion unit switches between a boost circuit and a buck
circuit 1n response to a request from a load.

Japanese Unexamined Patent Application Publication No.
2018-098855 (JP 2018-098855 A) discloses a technique 1n
which a control unit of a converter changes feedback gain so
that gain characteristics for instantaneous current values of
a reactor have such a relationship that gain for small current
values 1s relatively high and gain for large current values 1s
relatively low.

SUMMARY

Miniaturization of power converter devices (converters)
for vehicles such as automobiles 1s demanded due to limited
mounting space, and one 1tem that can achieve such minia-
turization 1s a magnetically coupled inductor. The magneti-
cally coupled inductor 1s a coupled inductor in which
windings of multiple phases (coils) of the inductor are
wound around a single magnetic core. In the magnetically
coupled reactor, however, since the windings are wound
around the single magnetic core, 1t 1s necessary to consider
the magnitude of heat generation, leakage flux, etc. Accord-
ingly, 11 these problems cannot be solved, it 1s also possible
to use a non-magnetically coupled reactor with a single
winding wound around a single magnetic core. A suitable
converter varies depending on whether the converter 1s used
for automobiles. Even when the converter 1s used for auto-
mobiles, a suitable converter varies depending on the type of
automobile, the mounting position of the converter, etc. One
way to provide a suitable converter 1s to use diflerent types
of reactor such as a magnetically coupled type, a non-
magnetically coupled type, or a combination thereof accord-
ing to the suitable converter. A control device that 1s incor-
porated 1nto a converter including a magnetically coupled
reactor and a control device that i1s 1ncorporated into a
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2

converter including a non-magnetically coupled reactor
need to have different control conditions from each other. In
the related art, it 1s necessary to prepare different control
circuits according to the type of reactor etc. In the future, 1t
1s expected that converters will be sold on the market,
repaired, or even customized as desired by the user, just like
other automobile parts. In such a case, 1t 1s not always
desirable that a reactor, a control circuit, etc. that form a
converter be distributed as a set with the automobile parts.
It 1s desired to control converters by the same control circuit
while making 1t possible to use diflerent reactors according,
to the required output, mounting space, etc. However, the
techniques disclosed 1n JP 2004-282835 A and JP 2018-
098855 A are not techniques 1n which reactors of difierent
types are used and a converter 1s controlled by the same
control circuit regardless of the type of reactor.

The present disclosure provides a control device that can
control a converter by the same control circuit regardless of
the type of reactor.

One aspect of the present disclosure provides a control
device for a converter. The converter includes a one-phase or
multiple-phase converter circuit. The control device
includes: a magnetic coupling determination unit configured
to determine whether the converter circuit 1s a magnetically
coupled circuit 1n which a reactor of the converter circuit 1s
in a magnetically coupled state; and a control unit config-
ured to change a control method for the converter according
to a determination result of the magnetic coupling determi-
nation unit.

In the control device of the above aspect, the control unit
may be configured to change at least one control method for
the converter according to the determination result of the
magnetic coupling determination unit, the control method
being selected from a group 1ncluding feedforward control,
feedback control, and shutdown control.

In the control device of the above aspect, the control unit
may be configured to, when the magnetic coupling deter-
mination unit determines that the converter circuit 1s the
magnetically coupled circuit, perform the feedback control
in which the control unit changes a feedback gain such that
the feedback gain becomes (L2-M)/L1 times as large as the
teedback gain when the magnetic coupling determination
umt determines that the converter circuit 1s a non-magneti-
cally coupled circuit in which the reactor of the converter
circuit 1s 1n a non-magnetically coupled state, where L1
represents self-inductance of a non-magnetically coupled
reactor, L2 represents self-inductance of a magnetically
coupled reactor, and M represents mutual inductance of the
magnetically coupled reactor.

The control device of the above aspect may further
include a failure determination unit configured to determine
whether each of multiple phases of the converter circuit has
failed, and the control unit may be configured to, when the
magnetic coupling determination unit determines that the
converter circuit 1s the magnetically coupled circuit and the
fallure determination umt determines that one or more
phases included in the multiple phases of the converter
circuit have failed, perform the shutdown control 1n which
the control unit stops operation of the failed one or more
phases of the converter circuit and stops operation of one or
more phases that are included in the remainder of the
multiple phases of the converter circuit and that are mag-
netically coupled to the failed one or more phases of the
converter circuit.

In the control device of the above aspect, each of multiple
phases of the converter circuit may be provided with a
switch unit, and the magnetic coupling determination unit
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may be configured to determine that each of the multiple
phases of the converter circuit 1s the magnetically coupled
circuit when a slope of a waveform of a current tlowing
through one of the multiple phases of the converter circuit
with respect to time changes at a timing of operation of
switching on or ofl the switch umit of another phase included
in the remainder of the multiple phases of the converter
circuit, while the control unit switches on or off the switch
units of the multiple phases of the converter circuit at
different timings.

In the control device of the above aspect, each of multiple
phases of the converter circuit may be provided with a
switch umit, and the magnetic coupling determination unit
may be configured to determine that each of the multiple
phases of the converter circuit 1s the magnetically coupled
circuit when a slope of a waveform of a current flowing
through one of the multiple phases of the converter circuit
with respect to time changes at a timing that i1s other than a
timing when the switch unit of the one of the multiple phases
of the converter circuit 1s switched on or ofl and a timing
when a value of the current becomes zero, while the control
unit switches on or ofl the switch units of the multiple phases
of the converter circuit at different timings.

In the control device of the above aspect, the magnetic
coupling determination unit may be configured to determine
that the converter circuit 1s the magnetically coupled circuit
when a change 1n an 1nlet current of the converter that occurs
at a timing when the control unit changes a duty cycle of the
converter circuit from 0.25 to 0.50 while an outlet voltage of
the converter 1s twice or more an inlet voltage of the
converter 1s 3 A or less.

The control device of the above aspect may further
include an operating state acquisition unit configured to
acquire an operating state of the converter circuit during
operation of the converter, and the magnetic coupling deter-
mination unit may be configured to determine whether the
converter circuit 1s the magnetically coupled circuit accord-
ing to the operating state acquired by the operating state
acquisition unit.

In the control device of the above aspect, the operating
state acquisition unit may be configured to acquire the
number of driving phases of the converter circuit, and the
magnetic coupling determination unit may be configured to
determine whether the converter circuit 1s the magnetically
coupled circuit when the number of the driving phases of the
converter circuit changes.

In the control device of the above aspect, the operating
state acquisition unit may be configured to acquire at least
one operating state value selected from a group including an
inlet current value of the converter and an inlet voltage value
of the converter, and the magnetic coupling determination
unit may be configured to determine whether the converter
circuit 1s the magnetically coupled circuit when the operat-
ing state value 1s equal to or larger than a predetermined
value.

Another aspect of the present disclosure provides a con-
trol method for a converter including a one-phase or mul-
tiple-phase converter circuit. This control method 1ncludes:
determining by a magnetic coupling determination unit of a
control device whether the converter circuit 1s a magneti-
cally coupled circuit in which a reactor of the converter
circuit 1s 1n a magnetically coupled state; and changing by a
control unit of the control device a control method for the
converter according to a determination result of the mag-
netic coupling determination unit.

In the control method of the above aspect, at least one
control method for the converter, the control method being
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selected from a group including feedforward control, feed-
back control, and shutdown control, may be changed by the
control umt according to the determination result of the
magnetic coupling determination unit.

In the control method of the above aspect, when the
magnetic coupling determination umt determines that the
converter circuit 1s the magnetically coupled circuit, the
teedback control may be performed 1n which the control unit
changes a feedback gain such that the feedback gain
becomes (L2-M)/L1 times as large as the feedback gain
when the magnetic coupling determination unit determines
that the converter circuit 1s a non-magnetically coupled
circuit 1n which the reactor of the converter circuit i1s 1n a
non-magnetically coupled state, where L1 represents seli-
inductance of a non-magnetically coupled reactor, L2 rep-
resents self-inductance of a magnetically coupled reactor,
and M represents mutual inductance of the magnetically
coupled reactor.

The control method of the above aspect may further
include determining by a failure determination unit of the
control device whether each of multiple phases of the
converter circuit has failed. When the magnetic coupling
determination unit determines that the converter circuit is
the magnetically coupled circuit and the failure determina-
tion unit determines that one or more phases included 1n the
multiple phases of the converter circuit have failed, the
shutdown control may be performed 1n which the control
unit stops operation of the failed one or more phases of the
converter circuit and stops operation of one or more phases
that are included in the remainder of the multiple phases of
the converter circuit and that are magnetically coupled to the
falled one or more phases of the converter circuit.

In the control method of the above aspect, each of
multiple phases of the converter circuit may be provided
with a switch unit, and the magnetic coupling determination
unit may determine that each of the multiple phases of the
converter circuit 1s the magnetically coupled circuit when a
slope of a wavelorm of a current flowing through one of the
multiple phases of the converter circuit with respect to time
changes at a timing of operation of switching on or off the
switch unit of another phase included 1n the remainder of the
multiple phases of the converter circuit, while the control
unmt switches on or off the switch units of the multiple phases
of the converter circuit at different timings.

In the control method of the above aspect, each of
multiple phases of the converter circuit may be provided
with a switch unit, and the magnetic coupling determination
unit may determine that each of the multiple phases of the
converter circuit 1s the magnetically coupled circuit when a
slope of a wavelorm of a current flowing through one of the
multiple phases of the converter circuit with respect to time
changes at a timing that i1s other than a timing when the
switch unit of the one of the multiple phases of the converter
circuit 1s switched on or off and a timing when a value of the
current becomes zero, while the control unit switches on or
ofl the switch units of the multiple phases of the converter
circuit at different timings.

In the control method of the above aspect, the magnetic
coupling determination unit may determine that the con-
verter circuit 1s the magnetically coupled circuit when a
change 1n an inlet current of the converter that occurs at a
timing when the control unit changes a duty cycle of the
converter circuit from 0.25 to 0.50 while an outlet voltage of
the converter 1s twice or more an inlet voltage of the
converter 1s 3 A or less.

The control method of the above aspect may further
include acquiring by an operating state acquisition unit of
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the control device an operating state of the converter circuit
during operation of the converter. The magnetic coupling
determination unit may determine whether the converter
circuit 1s the magnetically coupled circuit according to the
acquired operating state.

In the control method of the above aspect, the number of
driving phases of the converter circuit may be acquired by
the operating state acquisition unit, and the magnetic cou-
pling determination unit may determine whether the con-
verter circuit 1s the magnetically coupled circuit when the
number of the drniving phases of the converter circuit
changes.

In the control method of the above aspect, at least one
operating state value selected from a group including an
inlet current value of the converter and an inlet voltage value
of the converter may be acquired by the operating state
acquisition unit, and the magnetic coupling determination
unit may determine whether the converter circuit i1s the
magnetically coupled circuit when the operating state value
1s equal to or larger than a predetermined value.

According to the control device and the control method of
the present disclosure, the converter can be controlled by the
same control circuit regardless of the type of reactor.

BRIEF DESCRIPTION OF THE DRAWINGS

Features, advantages, and technical and industrial signifi-
cance of exemplary embodiments of the disclosure will be
described below with reference to the accompanying draw-
ings, 1n which like signs denote like elements, and wherein:

FIG. 1 1s a flowchart of an example of control that 1s
performed by a control device of the present disclosure;

FIG. 2 shows an example of a current waveform of a
non-magnetically coupled booster circuit;

FIG. 3 shows an example of a current waveform of a
magnetically coupled booster circuit for D=0.5;

FIG. 4 shows an example of a current waveform of the
magnetically coupled booster circuit for D>0.5;

FIG. 5 shows an example of the relationship of the
average reactor current to the duty cycle (%) 1n a non-
magnetically coupled circuait;

FIG. 6 shows an example of the relationship of the
average reactor current to the duty cycle (%) in a magneti-
cally coupled circuit;

FI1G. 7 shows the relationship between the required output
and the efliciency, and the operating range 1n each system;
and

FIG. 8 1s a flowchart of another example of the control
that 1s performed by the control device of the present
disclosure.

DETAILED DESCRIPTION OF EMBODIMENTS

One aspect of the present disclosure provides a control
device for a converter. The converter includes a one-phase or
multiple-phase converter circuit. The control device
includes: a magnetic coupling determination unit configured
to determine whether the converter circuit 1s a magnetically
coupled circuit in which a reactor of the converter circuit 1s
in a magnetically coupled state; and a control unit config-
ured to change a control method for the converter according,
to the determination result of the magnetic coupling deter-
mination unit.

When a magnetically coupled converter circuit 1s driven
by control software for non-magnetically coupled converter
circuits or a non-magnetically coupled converter circuit 1s
driven by control software for magnetically coupled con-
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verter circuits, a current flowing through a reactor may
oscillate strongly and an overcurrent may occur in the
reactor. This 1s because the non-magnetically coupled con-
verter circuit and the magnetically coupled converter circuit
have different dynamic characteristics.

FIG. 1 1s a flowchart of an example of control that 1s
performed by the control device of the present disclosure. As
shown in FIG. 1, in the present disclosure, it 1s determined
whether the converter circuit 1s a magnetically coupled
circuit in which the reactor of the converter circuit is 1n a
magnetically coupled state, and the control method 1s
changed according to the determination result. Accordingly,
regardless of whether the converter circuit 1s a non-mag-
netically coupled circuit or a magnetically coupled circuit,
oscillation of the reactor current can be reduced by the same
control software, and the possibility of an overcurrent can be
reduced. According to the present disclosure, regardless of
whether the converter 1s a converter including a magneti-
cally coupled reactor, a converter including a non-magneti-
cally coupled reactor, or a converter including both a mag-
netically coupled reactor and a non-magnetically coupled
reactor, and regardless of whether 1t 1s when the operation of
a vehicle 1s started or when the vehicle 1s 1n operation, 1t can
be properly and accurately determined whether there 1s
magnetic coupling of coils of the reactor. The converter can
thus be controlled by the same control circuit regardless of
the type of reactor.

The control device of the present disclosure 1s a control
device for a converter and includes at least a magnetic
coupling determination unit and a control unit, and as
necessary, further includes a failure determination unit, an
operating state acquisition unit, etc.

The converter may be a boost converter, a buck converter,
or a buck-boost converter. The converter includes a one-
phase or multiple-phase converter circuit. When the con-
verter has multiple-phase converter circuits, the multiple
phases of the converter circuit may be connected 1n parallel,
and the multiple phases of the converter circuit may or may
not be magnetically coupled to each other. For example, in
the case where the converter has a two-phase converter
circuit, the two phases of the converter circuit are connected
in parallel, and the two phases of the converter circuit are a
conversion pair that can be magnetically coupled to each
other, the converter behaves as a non-magnetically coupled
circuit when only one of the two phases 1s driven. The
converter circuit 1s a circuit for voltage conversion, and
includes a reactor, a switch unit configured to allow or stop
a current flow to one coil wound around a core included 1n
the reactor, a diode, etc., and as necessary, further includes
a current sensor configured to detect a current tlowing
through the reactor or the coil, etc. In the case where coils
of the multiple phases of the converter circuit share a core
of a single reactor, the multiple phases of the converter
circuit can be magnetically coupled to each other. The
reactor may have one core and one or more coils wound
around the core. Each coil of the reactor may be part of the
configuration of each phase of the converter circuit. The
coils of the phases of the converter circuit that are magneti-
cally coupled to each other may share a core of a single
reactor. The core and the coils are not particularly limaited,
and cores and coils that are used in conventionally known
reactors may be used. The switch unit may be a switching
clement. The switching element may be an insulated gate
bipolar transistor (IGBT), a metal-oxide-semiconductor
field-eflect transistor (MOSFET), efc.

The control unit changes the control method for the
converter according to the determination result of the mag-
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netic coupling determination unit. The control unit physi-
cally includes, e.g., an arithmetic processing unit such as a
central processing unit (CPU), a storage device such as a
read-only memory (ROM) that stores control programs,
control data, etc. to be processed by the CPU and a random
access memory (RAM) to be mainly used as various work
areas lfor control processes, and an input-output interface.
The control unit may be, e.g., a control device such as an
engine control unit (ECU). The control unit may be con-
nected to the converter, the switch unit, the magnetic cou-
pling determination unit, the failure determination unit, the
operating state acquisition unit, etc. via the input-output
interface. The control unit may be electrically connected to
an 1gnition switch that may be mounted on the vehicle. The
control unit 1s electrically connected to the converter and
controls the output voltage of the converter to obtain a
voltage required by the vehicle etc. The control unit controls
the number of driving phases of the converter circuit and
controls the output voltage of the converter by, e.g., switch-
ing on or ofl the switch unit of the converter circuait.

Examples of the types of converter control that 1s per-
formed by the control unit include feedforward control,
feedback control, and shutdown control. The control unit
may change at least one control method for the converter.
The control method i1s selected from the group including
feedforward control, feedback control, and shutdown con-
trol, according to the determination result of the magnetic
coupling determination unit.

In the feedforward control, for example, predetermined
calculation formulas for feedforward duty cycles corre-
sponding to normal buck-boost operation (non-magnetic
coupling buck-boost operation) and magnetic coupling
buck-boost operation may be derived 1n advance and con-
verted 1n advance to a data group of feedforward duty cycles
corresponding to the reactor current command values for
cach phase of the converter circuit, and each phase of the
converter circuit may be controlled independently by using
the data group. For example, when the converter circuit 1s a
magnetically coupled circuit, a predetermined calculation
formula for a feedforward duty cycle to be used in a
discontinuous mode may be dernived 1n advance and con-
verted 1n advance to a data group of feedforward duty cycles
corresponding to reactor current command values, and con-
trol such as determining the feedforward duty cycle may be
performed by checking a reactor current command value
against the data group.

In the feedback control, for example, when the magnetic
coupling determination unit determines that the converter
circuit 1s a magnetically coupled circuit, the control unit may
change the feedback gain to (L2-M)/L1 times as large as
when the magnetic coupling determination unit determines
that the converter circuit 1s a non-magnetically coupled
circuit. L1 represents the self-inductance of the non-mag-
netically coupled reactor, L2 represents the selt-inductance
of the magnetically coupled reactor, and M represents the
mutual inductance of the magnetically coupled reactor. The
values of L1, L2, and M may be defined in advance as
constants 1n software etc. provided in the control unait.
Specific calculation formulas for setting the feedback gain to
a value that 1s (L2-M)/LL1 as large are shown below.

FIG. 2 shows an example of a current wavelform of a
non-magnetically coupled booster circuit. Changes 1n volt-
age and current applied to the coil with the inductance L with
time during an ON period and an OFF period are given by
the following differential equations (a) and (b), respectively.
In the differential equations (a) and (b), L represents
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inductance, I represents a current flowing through the coil,
V, represents an input voltage (voltage betore conversion),
V., represents an output voltage (voltage after conversion),
T represents time, and D represents a duty cycle.

ON period: di/di=V;/L (a)

ON time: 7D

OFF pernod: dl/di=(V, -V )/L (b)

OFF time: I-1TD

The following differential equation (c) 1s obtained from the
differential equations for the ON period and the OFF period
by state-space averaging.

dl/dt=(V;/LYD+{ (V- V)/L}{(1-D) (c)

Simplitying the differential equation (¢) results 1n the fol-

lowing equation (1) for the non-magnetically coupled cir-
cuit.

Al/di=V; =V )/ L+(V/ L) D (1)

The equation (1) 1s divided mto a steady part and an
oscillatory part based on I=I_+1 and D=D_+d. The steady
partis given by D_=(V -V, V'V ~1-V,/V . Since dI_/dt=0
by definition. Therefore, the oscillatory part 1s given by the
following equation (1-1).

di/di=(V,/L)d (1-1)

This 1s the dynamic characteristics of the non-magnetically
coupled circuait.

FIG. 3 shows an example of a current wavelform of a
magnetically coupled booster circuit for D=0.5. Changes in
voltage and current applied to the coil with the inductance L
with time during periods T, to T, shown 1n FIG. 3 are given
by the following differential equations (d) to (g), respec-
tively. In the differential equations (d) to (g), L represents
inductance, M represents the mutual inductance of the
magnetically coupled reactor, I represents a current flowing
through the coil, V, represents an input voltage (voltage
before conversion), V ., represents an output voltage (voltage
alter conversion), T represents time, and D represents a duty
cycle.

Period T1: dl/dr={1/(L*~-M)M{LV,+M(V,-V:)} (d)

Period T2: dl/di={1/(L*~M)}(L+M)(V;-V) (&)
Period T3: dl/di={1/(L*~M )Y {L(V, =V )+MV;)} ()
Period T4: dl/di={1/(L*~M))}(L+M)Y(V;=V ) (g)
T,=T3=TD

T,=T,=T/2-TD

The following differential equation (h) 1s obtained from the
differential equations for the periods T1 to T4 by state-space
averaging.

Al dt={1/(L*-M) LV, +M(V; - V) xD+
(UL -MOYNLAMY (V= Vi)x(Yo=D)+
(L= MA YLV = Vi) + MV IxD+{1/(L*=-M?)}

(LAM)(V = Virx(Vo-D) (h)

Simplitying the differential equation (h) results in the fol-
lowing equation (2) for the magnetically coupled circuit for

D=0.5.

AU di=(V, = Vi) (L-M)+ Vi (L-M)xD

(2)

FIG. 4 shows an example of a current wavetform of the
magnetically coupled booster circuit for D>0.5. Changes in
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voltage and current applied to the coil with the inductance L
with time during periods T1 to T4 shown 1n FIG. 4 are given
by the following diflerential equations (1) to (1), respectively.
The meaning of the symbols used in the following difler-
ential equations 1s the same as that of the symbols used 1n the
above differential equations (d) to (g).

Period T1: dl/dt={1/(L*~M*)\(LV;+MV;) (i)

Period T2: dl/dt={1/(L*~-M*) M {LV;+M(V;=V5)} (i)
Period 73: dl/dt={1/(L*~M*)\(LV+MV;) (k)

Period T4: dl/dt={1/(L*-MH{ LV~ Vi)+MV;} )

T,=T,=TD-T/

The following differential equation (m) 1s obtained from the
differential equations for the periods T1 to T4 by state-space
averaging.

dl/dr={1/(L*=M>)} (LV+MV;)x(D-5)+
(U L2=-MHYHLV,+MV, =V Ix(1-D)+{1/(1L*-
MHYYLV MV ) x(D-Y)+{ V(L =ML (V-
Vi) +MV; tx(1-D) (m)

Simplitying the differential equation (m) results 1 the

tollowing equation (3) for the magnetically coupled circuit
for D>0.5.

AU/dt=(V, V) (L~-M)+V 5/ (L-M)xD

e

(3)

The equations (2) and (3) are the same. This shows that,
for the magnetically coupled circuit, the current waveform
with time varies depending on the duty cycle, but the
equation for the magnetically coupled circuit i1s the same
regardless of the numerical value of the duty cycle. The
equations (2) and (3) are divided into a steady part and an
oscillatory part based on I=I_+1 and D=D_+d. The steady
part1s given by D_=(V -V, V'V ~=1-V,/V ., since dI_./dt=0
by definition. The oscillatory part 1s given by the following
equation (2-2).

di/di={V/(L-M)}d (2-2)

This 1s the dynamic characteristics of the magnetically
coupled circuit. Comparison between the dynamic charac-
teristics of the non-magnetically coupled circuit given by the
equation (1-1) and the dynamic characteristics of the mag-
netically coupled circuit given by the equation (2-2) shows
that the dynamic characteristics of the magnetically coupled
circuit are exactly (L-M)/LL times the dynamic characteris-
tics of the non-magnetically coupled circuat.

For example, the control device of the present disclosure
may include a failure determination unit configured to
determine whether each of the multiple phases of the con-
verter circuit has failed. In the shutdown control, when the
magnetic coupling determination unit determines that the
converter circuit 1s a magnetically coupled circuit and the
tailure determination unit determines that one or more of the
multiple phases of the converter circuit have failed, the
operation of the failed phase(s) of the converter circuit may
be stopped, and one or more of the other phases of the
converter circuit magnetically coupled to the failed phase(s)
of the converter circuit may be stopped. That is, 1n the
shutdown control, when the converter circuit 1s a magneti-
cally coupled circuit and a specific driving phase (converter
circuit) has failed, change 1s made to prohibit subsequent
driving of not only the failed phase but also each phase
magnetically coupled to the failed phase. The failure deter-
mination unit 1s not particularly limited as long as 1t can
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determine whether each of the multiple phases of the con-
verter circuit has failed. The control unmit may have the
function of the failure determination unit. The timing at
which the failure determination unit determines a failure 1s
not particularly limited, and may be the timing at which the
magnetic coupling determination umt determines that the
converter circuit 1s a magnetically coupled circuait.

The magnetic coupling determination unit 1s not particu-
larly limited as long as 1t can determine whether the con-
verter circuit 1s a magnetically coupled circuit in which the
reactor of the converter circuit 1s 1n a magnetically coupled
state. The control unit may have the function of the magnetic
coupling determination unit. The reactor being 1n a mag-
netically coupled state means the state in which the coils
shares the core of the reactor and the coils are electrically
connected to each other. The reactor being 1n a non-mag-
netically coupled state may be the state 1n which, even when
the coils share the core of the reactor, only one phase of the
converter circuit out of a conversion set, namely a set of the
phases of the converter circuit having the coils sharing the
core, 1s being driven. The reactor being in a non-magneti-
cally coupled state may be the state in which only one coil
1s wound around the core of the reactor and the converter
circuit having the reactor 1s being driven. In the present
disclosure, the reactor 1n a magnetically coupled state 1s
sometimes referred to as the magnetically coupled reactor,
and the reactor in a non-magnetically coupled state 1is
sometimes referred to as the non-magnetically coupled
reactor. The converter circuit including the magnetically
coupled reactor 1s sometimes referred to as the magnetically
coupled circuit, and the converter circuit including the
non-magnetically coupled reactor 1s sometimes referred to
as the non-magnetically coupled circuit.

The magnetic coupling determination unit may determine
that each of the multiple phases of the converter circuit 1s a
magnetically coupled circuit when the control unit switches
on or oif the switch units of the multiple phases of the
converter circuit at different timings and the slope of the
wavelorm of the current flowing through one of the phases
of the converter circuit with time changes at the timing of the
operation of switching on or off switch units of the remain-
der of the phases of the converter circuit. The magnetic
coupling determination unit may determine that each of the
multiple phases of the converter circuit 1s a magnetically
coupled circuit when the control unit switches on or off the
switch units of the multiple phases of the converter circuit at
different timings and the slope of the wavelorm of the
current flowing through one of the phases of the converter
circuit with time changes except when a switch umit of the
one phase of the converter circuit 1s switched on or off and
when the current value becomes zero.

In the case where the switching element 1s switched off 1n
one of the phases of the converter circuit and at the same
time the switching element 1s switched on 1n another one of
the phases of the converter circuit, these switching timings
are not considered to be different timings but considered to
be the same timing. A current flowing through the converter
circuit with time may be measured by a conventionally
known current sensor etc. that may be provided in the
control device, the converter circuit, etc. With the above
determination method, when a current flowing through the
reactor 1s sampled a plurality of times and there i1s an
inflection point 1n the current flowing through the reactor
except when the switching operation for a certain phase
(converter circuit) 1s performed and when the current value
of this certain phase reaches O, it can be determined that the
converter circuit 1s a magnetically coupled circuit. However,
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in order to check whether there 1s an inflection point, 1t 1s
necessary to sample the current at least three times during
the switch ON period of the certain phase. When the driving
frequency of the converter circuit 1s high, the sampling
acquisition intervals of a microcomputer that may be
included 1n the control device may become short, and the
processing may not be able to be performed 1n time.

FIG. 5 shows an example of the relationship of the
average reactor current to the duty cycle (%) in the non-
magnetically coupled circuit. FIG. 6 shows an example of
the relationship of the average reactor current to the duty
cycle (%) 1 the magnetically coupled circuit. As shown 1n
FIG. 5, i the case of the non-magnetically coupled circuit,
the current value 1s increased by increasing the duty cycle
even at a high boost ratio, and a desired current value can be
obtained. On the other hand, as shown 1n FIG. 6, 1n the case
of the magnetically coupled circuit, as the boost ratio
becomes higher, the current value 1s increased only slightly
or hardly increased even by increasing the duty cycle, and 1t
1s therefore difficult to obtain a desired current value.
Accordingly, when the outlet voltage of the converter circuit
1s set to several times the inlet voltage of the converter
circuit and there 1s little change 1n inlet current of the
converter (little change 1n average value of the current
flowing through the reactor) when the control unit increases
the duty ratio of the driving pulses of the switching element,
the magnetic coupling determination unit may determine
that the converter circuit 1s a magnetically coupled circuat.
When there 1s a one-phase or multiple-phase converter
circuit that shares the core of the reactor of the converter
circuit determined to be a magnetically coupled circuit, the
magnetic coupling determination unit may determine that
this one-phase or multiple-phase converter circuit 1s also a
magnetically coupled circuait.

The outlet voltage of the converter circuit need only be
several times or more the inlet voltage of the converter
circuit. The outlet voltage of the converter circuit may be
twice or more, 3.5 times or more, or 10 times or less the inlet
voltage of the converter circuit. The duty cycle betfore being
increased may be 0.20 or more, 0.25 or more, or less than
0.50. The increased duty cycle may be larger than 0.20,
larger than 0.25, 0.60 or less, or 0.50 or less. A change 1n
inlet current of the converter (change 1n average value of the
current flowing through the reactor) may be 7 A or less, S A
or less, or 3 A or less. Specifically, for example, the magnetic
coupling determination umt may determine that the con-
verter circuit 1s a magnetically coupled circuit when the
outlet voltage of the converter 1s twice or more the inlet
voltage of the converter and a change in inlet current of the
converter that occurs when the control unit changes the duty
cycle of the converter circuit from 0.25 to 0.50 1s 3 A or less.
With this determination method, even when the driving
frequency of the converter circuit 1s as high as 50 kHz or
more, whether the converter circuit 1s a magnetically
coupled circuit can be determined regardless of the sampling
of the microcomputer. The circuit type of the converter
circuit can thus be accurately determined.

The control device of the present disclosure may be
mounted on a system such as a fuel cell system equipped
with a converter. The system may determine whether the
converter circuit of the converter 1s a magnetically coupled
circuit. In this case, whether the converter circuit of the
converter 1s a magnetically coupled circuit can be deter-
mined when the system 1s started. However, depending on
the configuration of the system equipped with the converter,
the converter may be switched between a magnetically
coupled circuit and a non-magnetically coupled circuit
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according to the operating conditions of the wvehicle
equipped with the system. For example, 1mmedlately after
the system 1s started, the requ1red system power 1s small and
therefore one-phase driving 1s performed. In this case, the
converter circuit 1s a non-magnetically coupled circuit.
However, as the required system power increases subse-
quently, two-phase driving may be performed, that is, the
converter circuit may be switched to a magnetically coupled
circuit. It 1s herein assumed that, when the system 1s started,
the magnetic coupling determination umt determines
whether the converter circuit 1s a magnetically coupled
circuit, and the magnetic coupling determination unit deter-
mines that the converter circuit 1s a non-magnetically
coupled circuit. In this case, 1f the converter circuit switches
to a magnetically coupled circuit under the same feedback
gain conditions as those for the non-magnetically coupled
circuit, a current flowing in the reactor may oscillate
strongly and an overcurrent may occur in the reactor.

FIG. 7 shows the relationship between the requlred output
and the ethiciency, and the operating range 1n each system.
In the boost converter, when the required output 1s less than
a shown 1 FIG. 7, 1t 1s preferable to perform one-phase
driving (normal boosting) as the one-phase driving (non-
magnetic coupling) provides higher power conversion etli-
ciency. When the required output 1s a or more shown 1n FIG.
7, 1t 1s preferable to perform two-phase driving (magnetic
coupling) as the two-phase drlvmg (magnetlc coupling)
provides higher power conversion € 1c1ency For example,
for a system A, since the required output 1s always less than
a, determination of “magnetic coupling or non-magnetic
coupling” 1s made when, for example, the operation 1is
started, and the subsequent control i1s performed under the
conditions for non-magnetic coupling boosting. Control can
thus always be performed under appropriate conditions.
Similarly, for a system B, since the required output 1s always
a or more, determination ol “magnetic coupling or non-
magnetic coupling” 1s made when, for example, the opera-
tion 1s started, and the subsequent control 1s performed under
the conditions for magnetic coupling. Control can thus
always be performed under appropriate conditions. The
control device of the present disclosure can be operated
under appropriate conditions by incorporating the control
devices with the same specifications 1nto the system A and
the system B and making determination of “magnetic cou-
pling or non-magnetic coupling” when the operation 1s
started.

On the other hand, for a system C, the range of the
requested output includes the threshold value a. Accord-
ingly, even 1f determination of “magnetic coupling or non-
magnetic coupling” 1s made when the operation 1s started,
the determination result may change during the operation.
For example, 1n a fuel cell electric vehicle that runs on a
motor powered by a fuel cell, the output required for the fuel
cell varies significantly depending on various conditions
such as vehicle speed, acceleration, load weight, and slope
of the road. There are cases where the output voltage of the
tuel cell 1s boosted by a boost converter to a voltage that
drives the motor, and 1s supplied to the motor. In the above
configuration, the output power of the boost converter also
varies significantly depending on the operating conditions.
For example, immediately after the vehicle starts traveling,
the vehicle 1s operated at low speeds in town. The required
system power 1s therefore small and the converter 1s driven
by one-phase driving (non-magnetic coupling). However,
when the vehicle subsequently enters a highway and travels
at high speeds, the required system power 1s large, and the
converter may be driven by two-phase driving (magnetic




US 11,658,557 B2

13

coupling). If determination of magnetic coupling or non-
magnetic coupling 1s made when the system 1s started, and
transition to magnetic coupling boosting 1s made under the
same conditions as those for non-magnetic coupling boost-
ing, the reactor current may oscillate strongly and an over-
current may occur in the reactor.

Accordingly, the control device of the present disclosure
may further include an operating state acquisition unit that
acquires the operating state of the converter circuit during
operation of the converter, and the magnetic coupling deter-
mination unit may determine whether the converter circuit 1s
a magnetically coupled circuit, according to the operating
state acquired by the operating state acquisition unit. The
converter can thus be controlled under appropriate condi-
tions at all times during operation of the system, and the
possibility that an overcurrent may occur in the reactor can
be reduced. The operating state acquisition unit 1s not
particularly limited as long as 1t can acquire the operating
state of the converter circuit during operation of the con-
verter, and the control unit may have the function of the
operating state acquisition unit.

The operating state of the converter circuit may be, e.g.,
the number of driving phases of the converter circuit. In this
case, the operating state acquisition unit may acquire the
number of driving phases of the converter circuit during
operation of the converter, and the magnetic coupling deter-
mination unit may determine whether the converter circuit 1s
a magnetically coupled circuit, when the number of driving
phases of the converter circuit changes. The timing at which
the operating state acquisition unit acquires the number of
driving phases of the converter circuit 1s not particularly
limited as long as it 1s during operation of the converter. The
operating state acquisition unit may acquire the number of

driving phases of the converter circuit constantly, at prede-
termined time intervals, or when the control unit switches on
or off the switch unit of the converter circuat.

The operating state of the converter circuit may be, e.g.,
an operating state value such as an inlet current value of the
converter and an 1nlet voltage value of the converter. In this
case, the operating state acquisition unit acquires at least one
operating state value selected from the group including the
inlet current value of the converter and the inlet voltage
value of the converter, and the magnetic coupling determi-
nation unit may determine whether the converter circuit 1s a
magnetically coupled circuit when the operating state value
1s equal to or larger than a predetermined value. The
predetermined value of the operating state value may be set
as appropriate 1n view of, e.g., the output of the fuel cell etc.

In the case where the converter 1s connected to the fuel
cell and the converter converts the output voltage of the fuel
cell, the ilet current value of the converter 1s uniquely
determined by a current-voltage (I-V) curve, current-pres-
sure (I-P) curve, etc. of the fuel cell, and correlates with an
output current value of the fuel cell, the operating state value
may be the output current value of the fuel cell. Since the
output current value of the fuel cell correlates with an output
power value of the fuel cell, the operating state value may
be the output power value of the fuel cell. Since the output
power value of the fuel cell correlates with an input power
value of the converter, the operating state value may be the
input power value of the converter. Since each of the above
operating state values correlates with the required system
output, the operating state value may be the required system
output. One or more values that correlate with the required
system output, such as vehicle speed, acceleration, load
weight, and slope of the road on which the vehicle travels,
may be acquired as the operating state values. Whether the
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converter circuit 1s a magnetically coupled circuit may be
determined by using at least one of these values as the
operating state value.

Each of the above values may be an actually measured
value directly detected by a sensor, a value calculated using
a detected value, or a command value from the control unat.
The timing at which the operating state acquisition unit
acquires the operating state value 1s not particularly limited
as long as it 1s during operation of the converter. The
operating state acquisition unit may acquire the operating
state value constantly or at predetermined time intervals.

FIG. 8 1s a flowchart of another example of control that 1s
performed by the control device of the present disclosure. As
shown 1n FIG. 8, the magnetic coupling determination unit
may determine whether the converter circuit 1s a magneti-
cally coupled circuit when the control unit switches on or off
the switch unit of the converter circuit and the number of
driving phases changes, and the control umit may change 1ts
control method to the control for the non-magnetically
coupled circuit or the control for the magnetically coupled
circuit according to the determination result. Since the
control unit determines whether the converter circuit 1s a
magnetically coupled circuit when the driving phase of the
converter circuit 1s switched, the converter circuit 1s oper-
ated as a non-magnetically coupled circuit during low load
and 1s otherwise operated as a magnetically coupled circuat.
This reduces oscillation of the current flowing through the
reactor and reduces the possibility that an overcurrent may
occur in the reactor, and thus allows operation with high
power conversion efliciency.

What 1s claimed 1s:

1. A control device for a converter including a one-phase
or multiple-phase converter circuit, comprising:

a magnetic coupling determination unit configured to
determine whether the converter circuit 1s a magneti-
cally coupled circuit in which a reactor of the converter
circuit 1s 1n a magnetically coupled state; and

a control unit configured to change a control method for
the converter according to a determination result of the
magnetic coupling determination unat.

2. The control device according to claim 1, wherein the
control unit 1s configured to change at least one control
method for the converter according to the determination
result of the magnetic coupling determination unit, the
control method being selected from a group including feed-
forward control, feedback control, and shutdown control.

3. The control device according to claim 2, wherein the
control unit 1s configured to, when the magnetic coupling
determination unit determines that the converter circuit is
the magnetically coupled circuit, perform the feedback con-
trol 1n which the control unit changes a feedback gain such
that the feedback gain becomes (L2-M)/L1 times as large as
the feedback gain when the magnetic coupling determina-
tion unit determines that the converter circuit 1s a non-
magnetically coupled circuit in which the reactor of the
converter circuit 1s 1n a non-magnetically coupled state,
where L1 represents self-inductance of a non-magnetically
coupled reactor, L2 represents self-inductance of a magneti-
cally coupled reactor, and M represents mutual inductance
of the magnetically coupled reactor.

4. The control device according to claim 2, further com-
prising a failure determination unit configured to determine
whether each of multiple phases of the converter circuit has
failed, wherein the control unit 1s configured to, when the
magnetic coupling determination umt determines that the
converter circuit 1s the magnetically coupled circuit and the
fallure determination umt determines that one or more
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phases included in the multiple phases of the converter
circuit have failed, perform the shutdown control in which
the control unit stops operation of the failed one or more
phases ol the converter circuit and stops operation of one or
more phases that are included i the remainder of the
multiple phases of the converter circuit and that are mag-

netically coupled to the failed one or more phases of the
converter circuit.

5. The control device according to claim 1, wherein

cach of multiple phases of the converter circuit 1s pro-

vided with a switch unit, and

the magnetic coupling determination unit 1s configured to

determine that each of the multiple phases of the
converter circuit 1s the magnetically coupled circuit
when a slope of a wavelorm of a current flowing
through one of the multiple phases of the converter
circuit with respect to time changes at a timing of
operation of switching on or ofl the switch unit of
another phase mcluded in the remainder of the multiple
phases of the converter circuit, while the control unit
switches on or ofl the switch units of the multiple
phases of the converter circuit at different timings.

6. The control device according to claim 1, wherein

cach of multiple phases of the converter circuit 1s pro-

vided with a switch unit, and

the magnetic coupling determination unit 1s configured to

determine that each of the multiple phases of the
converter circuit 1s the magnetically coupled circuit
when a slope of a wavelorm of a current flowing
through one of the multiple phases of the converter
circuit with respect to time changes at a timing that 1s
other than a timing when the switch unit of the one of
the multiple phases of the converter circuit 1s switched
on or ofl and a timing when a value of the current
becomes zero, while the control unit switches on or oft
the switch units of the multiple phases of the converter
circuit at different timings.

7. The control device according to claim 1, wherein the
magnetic coupling determination unit 1s configured to deter-
mine that the converter circuit 1s the magnetically coupled
circuit when a change 1n an inlet current of the converter that
occurs at a timing when the control unit changes a duty cycle
of the converter circuit from 0.25 to 0.50 while an outlet
voltage of the converter 1s twice or more an 1nlet voltage of
the converter 1s 3 A or less.

8. The control device according to claim 1, further com-
prising an operating state acquisition unit configured to
acquire an operating state of the converter circuit during
operation of the converter, wherein the magnetic coupling
determination unit 1s configured to determine whether the
converter circuit 1s the magnetically coupled circuit accord-
ing to the operating state acquired by the operating state
acquisition unit.

9. The control device according to claim 8, wherein:

the operating state acquisition unit 1s configured to

acquire the number of driving phases of the converter
circuit; and

the magnetic coupling determination unit 1s configured to

determine whether the converter circuit 1s the magneti-
cally coupled circuit when the number of the drniving
phases of the converter circuit changes.

10. The control device according to claim 8, wherein:

the operating state acquisition unit 1s configured to

acquire at least one operating state value selected from
a group including an inlet current value of the converter
and an inlet voltage value of the converter; and
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the magnetic coupling determination unit 1s configured to
determine whether the converter circuit 1s the magneti-
cally coupled circuit when the operating state value 1s
equal to or larger than a predetermined value.

11. A control method for a converter including a one-
phase or multiple-phase converter circuit, the control
method comprising:

determiming by a magnetic coupling determination unit of

a control device whether the converter circuit i1s a

magnetically coupled circuit 1n which a reactor of the
converter circuit 1s in a magnetically coupled state; and
changing by a control unit of the control device a control
method for the converter according to a determination
result of the magnetic coupling determination unit.

12. The control method according to claim 11, wherein at
least one control method for the converter, the control
method being selected from a group including feedforward
control, feedback control, and shutdown control, 1s changed
by the control unit according to the determination result of
the magnetic coupling determination unait.

13. The control method according to claim 12, wherein
when the magnetic coupling determination unit determines
that the converter circuit 1s the magnetically coupled circuit,
the feedback control 1s performed 1n which the control unit
changes a feedback gain such that the feedback gain
becomes (L2-M)/LL1 times as large as the feedback gain
when the magnetic coupling determination unit determines
that the converter circuit 1s a non-magnetically coupled
circuit 1n which the reactor of the converter circuit 1s 1n a
non-magnetically coupled state, where L1 represents seli-
inductance of a non-magnetically coupled reactor, L2 rep-
resents self-inductance of a magnetically coupled reactor,
and M represents mutual inductance of the magnetically
coupled reactor.

14. The control method according to claim 12, further
comprising determining by a failure determination unit of
the control device whether each of multiple phases of the
converter circuit has failed, wherein when the magnetic
coupling determination unit determines that the converter
circuit 1s the magnetically coupled circuit and the failure
determination unit determines that one or more phases
included 1n the multiple phases of the converter circuit have
falled, the shutdown control 1s performed in which the
control unit stops operation of the failed one or more phases
of the converter circuit and stops operation of one or more
phases that are included in the remainder of the multiple
phases of the converter circuit and that are magnetically
coupled to the failed one or more phases of the converter
circuit.

15. The control method according to claim 11, wherein

cach of multiple phases of the converter circuit 1s pro-

vided with a switch unit, and

the magnetic coupling determination unit determines that

cach of the multiple phases of the converter circuit 1s
the magnetically coupled circuit when a slope of a
wavelorm of a current flowing through one of the
multiple phases of the converter circuit with respect to
time changes at a timing of operation of switching on
or ofl the switch unit of another phase included 1n the
remainder of the multiple phases of the converter
circuit, while the control unit switches on or off the
switch units of the multiple phases of the converter
circuit at different timings.

16. The control method according to claim 11, wherein

cach of multiple phases of the converter circuit 1s pro-

vided with a switch unit, and




US 11,658,557 B2

17

the magnetic coupling determination unit determines that
cach of the multiple phases of the converter circuit 1s
the magnetically coupled circuit when a slope of a

18

of the control device an operating state of the converter
circuit during operation of the converter, wherein the mag-
netic coupling determination unit determines whether the
converter circuit 1s the magnetically coupled circuit accord-

wavelform of a current flowing through one of the

multiple phases of the converter circuit with respect to 5 1ng to the acquired operating state.

time changes at a timing that i1s other than a timing

when the switch unit of the one of the multiple phases
of the converter circuit 1s switched on or off and a

timing when a value of the current becomes zero, while
the control unit switches on or off the switch units of "
the multiple phases of the converter circuit at different
timings.

17. The control method according to claim 11, wherein the
magnetic coupling determination unit determines that the
converter circuit 1s the magnetically coupled circuit when a
change 1n an inlet current of the converter that occurs at a
timing when the control unit changes a duty cycle of the
converter circuit from 0.25 to 0.50 while an outlet voltage of
the converter 1s twice or more an inlet voltage of the
converter 1s 3 A or less.

18. The control method according to claim 11, further
comprising acquiring by an operating state acquisition unit
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19. The control method according to claim 18, wherein:
the number of driving phases of the converter circuit 1s
acquired by the operating state acquisition unit; and
the magnetic coupling determination unit determines
whether the converter circuit 1s the magnetically
coupled circuit when the number of the driving phases
of the converter circuit changes.

20. The control method according to claim 18, wherein:

at least one operating state value selected from a group
including an inlet current value of the converter and an
inlet voltage value of the converter 1s acquired by the
operating state acquisition unit; and

the magnetic coupling determination unit determines
whether the converter circuit 1s the magnetically
coupled circuit when the operating state value 1s equal
to or larger than a predetermined value.

G o e = x
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